Introduction
Poland has an extensive mining industry, contributing significantly to the total amount of industrial wastes generated in the country. However, the level of industrial wastes generated in Poland has declined from 143.9 million Mg in 1990 to 125.5 million Mg in 2000, and further to 113.5 million Mg in 2010 before climbing back to 123.1 million Mg in 2012. The quantity of utilised wastes grew from 77.1 million Mg (53.6%) in 1990 to 89.0 million Mg (72.3%) in 2012. The majority of these wastes are generated in the three southern voivodeships of OEl¹skie (30%), Dolnooel¹skie (28%), £ódzkie (7%), and Ma³opolskie (6%) (GUS 2013) .
Wastes from mining and processing (waste code 01) are the largest group of wastes generated and deposited in Poland. According to official data, in 2012 some 63.8 million Mg of mining and processing wastes were generated, amounting to approx. 53% of total industrial wastes produced. The three main types of such wastes in Poland are wastes from the mining and processing of hard coal, wastes from the mining and processing of non-ferrous metal ores, and wastes from rock minerals' extraction (GUS 2013; Galos et al. 2009 ).
Wastes from the mining and processing of hard coal traditionally constitute the most important group, thus this paper will concentrate especially on them. In the mining and processing of non-ferrous metal ores, amounts of wastes generated varied between 30 and 35 million Mg per year, with some reduction in recent years to 29.8 million Mg in 2012, and approx. 66% of these being utilised in hydrotechnical engineering, i.e. for construction of barriers and sealing of the¯elazny Most settling pond (GUS 2013) . Flotation wastes from copper ores processing at KGHM ore processing plants constituted a majority of them (about 28.7 million Mg in 2012, i.e. 96%). Flotation wastes from the processing of Zn-Pb ores constituted 6%, while mining wastes amounted to 1%. Wastes coming from the extraction and processing of rock minerals as reported by the Central Statistical Office are substantially underestimated. According to this official information, the generation of wastes from the mining of rock minerals varies between 1.3-3.6 million Mg per year (only 1.3 million Mg in 2012), and the majority of them are utilised. However, it is estimated that the total volume of these wastes varies between 8 and 11 million Mg per year, while the level of their utilisation does not exceed 30%. The most important types of wastes classified into this group are wastes obtained during the extraction and processing of compact rocks (limestone, dolomite, sandstone, magmatic rocks), as well as extraction of clays, sand, and gravel. Their most important applications are civil engineering and crushed aggregates, in addition to the recovery of lower quality kaolin or feldspar-quartz raw material, Ca, and Ca-Mg for fertilizers (Galos et al. 2009 ).
Sources and types of hard coal mining and processing wastes
The amount of waste generated in the hard coal industry is gradually declining, from 50-60 million Mg per year over 20 years ago to approx. 40 million Mg in 2000, and under 30 million Mg in 2010. Over the following two years, the amount of hard coal waste rose to 33.7 million Mg by 2012, with 28.6 million Mg of this being utilised. Roughly 4.8 million Mg of such waste was generated in 2012 by the activity of the only mine in the Lublin Coal Basin -the Bogdanka mine -while the rest resulted from production in the mines located in the Upper Silesia Coal Basin. The majority of the waste (roughly 93%) is obtained during the processing of heavy liquids, jiggers, and slurry circulation. Flotation wastes make up 6% of the total amount, while mining wastes comprise the rest. A high level of economic utilisation of hard coal industry wastes is reported (exceeding even 90%). However, only about 30% of the waste is utilised in industrial applications, while over 70% is applied to ground levelling and other engineering works (GUS 2013; Galos et al. 2009 ).
Wastes from the mining and processing of hard coal come from barren sedimentary Carboniferous rocks, which are extracted -as ripping material -together with hard coal seams. Some additional amount of such materials comes from preparatory mining works, where so-called "stone workings" are built (Zorychta and Burtan 2008) . These wastes, in general, can be divided into two main groups:
® Mining wastes -constituting up to 20% of the total amount of hard coal wastes, coming directly from preparatory mining works, with highly variable quality parameters depending on rock types and geological conditions of extracted deposits; granulation of such wastes is inhomogeneous, reaching up to 500 mm.
® Processing wastes -coming from hard coal processing, depending on the type of processing equipment used and the applied technologies, these can be divided into three subgroups:
® coarse-grained wastes from dense medium gravity separation -homogeneous mineral composition, granulation 20-200 mm, coal content 5-15%, sulphur content <1%, humidity 4-6%, ® fine-grained wastes from jiggers -homogeneous mineral composition, granulation under 20 mm, higher coal content, sulphur content, and humidity than in coarse-grained wastes, ® very fine-grained flotation wastes -high content of coal, sulfur, and high humidity, with presence of residues of flotation reagents and flocculants (Lutyñski and Blaschke 2009; Galos et al. 2009 ). Regarding petrographic types, the main components of coal wastes are -in variable amounts -claystone, clay shales, mudstone, sandstone, and, rarely, conglomerate, with the leading share of claystone. Sandstone is rare in processing wastes; it is more often found in mining wastes. Conglomerate can occur only in mining wastes.
Coal wastes in individual mines exhibit variable petrographic composition and content of combustible particles. This results from the geological setting and the type of rock accompanying coal seams, as well as from processing technology. For example, claystone and clay shale dominate in barren rocks in mines near Jastrzêbie or Bytom (>90%). In the eastern part of the Upper Silesian Coal Basin, sandstone content can reach 70%. Content of combustible particles can reach 10% (Potempa and Szlugaj 2007; Koperski and Lech 2007; Szlugaj et al. 2008) .
Processing wastes from dense medium gravity separators and jiggers constitute the majority of the total amount of hard coal mining and processing wastes (approx. 90%). Flotation wastes constitute around 5%, while mining wastes make up the rest. The degree of economic use of coal wastes has recently risen to over 90%, but only about 30% of these wastes found industrial use, while over 70% was used for ground levelling and engineering works. Moreover, according to official data some 478 million Mg of coal wastes are deposited in various dumps, while the real amount of such wastes may be as much as two to three times higher (GUS 2013; Galos 2003) .
In spite of declining coal waste quantities, new technologies allowing the utilization of coal wastes are still under development. It is possible to:
® lead processing to directly obtain not only coal, but also a second product (e.g. aggregates), and/or ® recover coal mining and processing wastes to obtain aggregates and other raw materials for building materials' production (Sokó³ and Tabor 1996; Gawenda and Olejnik 2008; Baic and Witkowska-Kita 2011; Baic 2013; Ca³a, ed. 2013 ). Coarse-grained wastes are the most interesting due to their wide range of possibilities for industrial use. Currently, their main directions of use are:
® engineering, hydrotechnical, and road construction including the production of aggregates for such purposes (Góralczyk et al. 2007; Góralczyk et al. 2009 ), ® production of raw materials for building materials -cement, building ceramics (SPC 2014), ® recovery of coal and production of low calorific materials for power plants, ® use of such wastes as filling material for backfilling of underground workings (Galos et al. 2009; Baic et al. 2011 ).
Production of aggregates for engineering, hydrotechnical applications, and road construction from coal wastes
Two main areas of coal waste use for aggregates production are (Galos and Nieae 2007; Smakowski et al. 2014) :
® production of aggregates with variable graining and mechanical parameters on the basis of raw coal wastes, ® production of lightweight aggregate (shale gravellite) on the basis of self-burnt coal shale.
Production of aggregates from raw coal wastes
Haldex S.A. is the main company dealing with the complex utilization of coal wastes in the Upper Silesia region. In 2008 the company became a part of the Kompania Wêglowa S.A. capital group (the largest hard coal producer in Poland). Now, it is the sole operator of coal wastes coming from mines belonging to Kompania Wêglowa S.A. Over 50 years of activity, the plants of Haldex S.A. processed over 150 million Mg of coal wastes. From these wastes approx. 10% of the coal was recovered. Around 6% constituted coal shale for building ceramics, roughly 7% was coal shale for cement production, another 7% were materials for engineering and land reclamation works, and 3% were materials for the production of lightweight aggregates (shale gravellite). The remaining 67% of the wastes were used as material for backfilling in underground coal mines (Koperski et al. 2008) .
Recently, Haldex S.A. started to be an important producer of quality aggregates from coal wastes from the mines of Kompania Wêglowa S.A. Such aggregates exhibit variable graining, being composed of varying shares of claystone, mudstone, and sandstone. Currently, such production is carried out in four plants of Haldex S.A. -the Z-2 Szombierki in Bytom (since 1963), Z-3 Makoszowy in Zabrze (since 1965), and Z-6 Brzezinka in Mys³owice-Brzezinka (since 1980); these have a processing capacity of about 2,800 tpd each, and -since 2011 -the new Z-12 Panewniki plant in Miko³ów added another 5,000 tpd of capacity.
Each Haldex plant consists of the following: 1 -preparation of input (0-200 mm coal wastes); 2 -initial classification into grain classes <80 mm and >80 mm (additionally crushed); 3 -second stage of classification on vibrating screens into classes <45 mm and >45 mm (additionally crushed); 4 -classification in hydrocyclones with the use of dense media, followed by washing and dewatering where thermal hard coal of 0-20 mm and 20-45 mm is obtained; and 5 -thickening and classification of wastes from hydrocyclones, where 0-3 mm ceramic shale and 3-45 mm aggregate are obtained (Kucharzyk 2004) .
Aggregate of 3-45 mm obtained in the above mentioned Haldex plants is commonly a mixture of Carbonaceous claystone, clay shales, mudstone, and sandstone, with a predominance of clay shales and claystones and a small share of sandstone (<10%). This aggregate exhibits variable water absorption and -commonly -weak freeze resistance. It can be used in engineering works (road construction, hydrotechnical construction), for land reclamation, for construction of landfills, and for backfilling of underground workings. Due to weak freeze resistance, such aggregate can be used in road construction only after stabilization with the use of cement, active fly ash, or granulated blast furnace slag. Some modifications in the Haldex plant in recent years made it possible to change the assortment of produced aggregates, with separation of coarse-grained aggregates (Table 1) . Total production of aggregates in the plants of Haldex S.A. reached 1.8 million Mg in 2008, including around 30% of aggregates >31.5 mm (Koperski et al. 2008) , and -after commencement of the Z-12 Panewniki plant -their total capacities exceeded 3.0 million Mg per year in 2013.
Haldex S.A. also started to process wastes entirely from preparatory mining works (or mixed with coal processing wastes). These wastes are directed to mobile crushing-sieving units (so-called "WKS"), where aggregates with granulation consistent with customers' expectations can be provided. The company opened two such units, with a daily capacity of 2,000 Mg each -1. WKS Knurów, near the Anio³ki shaft of the Knurów hard coal mine 
Production of shale gravellite aggregates
Shale gravellite is artificial, lightweight aggregate obtained in the course of thermal processing (sintering) of raw coal shale, or from the mechanical processing of self-burnt coal shale from old dumps.
For decades, shale gravellite was manufactured by sintering raw coal shale, mainly in the Lightweight Aggregates Production Plant in Siemianowice OEl¹skie, belonging to Haldex S.A. Its production sometimes exceeded 200,000 Mg per year (Mokrzycki ed. 1992) . Such production was abandoned in the early 1990s due to high production costs (energy costs) and environmental problems (gas and dust emissions).
Shale gravellite can also be obtained from self-burnt coal shale from old dumps (so-called "red shale"). Self-burning of coal shales occurred over periods of years or even decades (Nowak 2014) . To obtain lightweight aggregates from such material, simple processes of crushing and classification are employed, analogous to processes of natural crushed aggregates production. Since the 1990s, production of these shale gravellite aggregates was intensified. Self-burnt shale was obtained from old dumps in Upper Silesia, e.g. in Pszów, Radlin, Rybnik, Gliwice, Zabrze, Ruda OEl¹ska, Chorzów, Katowice, Bytom, CzeladŸ, Bêdzin, and D¹browa Górnicza, as well as in Nowa Ruda in Lower Silesia. From the dumps, lightweight aggregates of various granulation are obtained, from 0-3 mm to Table 2 16-63 mm, sometimes even 125-350 mm. They are used primarily in the construction of internal roads and storage yards of industrial factories, parking lots, etc. Their use in public road construction is limited due to increased water absorption values. There is a lack of exact data on the level of production of shale gravellite aggregates, as such production is commonly carried out by small and very small companies. It is estimated that their total production amounts to at least 500,000 Mg per year, but it is possible that it sometimes exceeds even 1 million Mg per year (Galos et al. 2009 ). The main producers are shown in Table 2 .
Production of coal shale for cement and building ceramics
The chemical composition of coal shale 0-3 mm obtained in Haldex S.A. plants is predominantly similar to brick clay, but unfortunately possesses a higher content of combustible particles, restricting its use in the conventional methods of building ceramics' production. Such coal shale, depending on the place of origin, the means of receiving, and granulation, can have an average calorific value ranging between 1,200 and 4,500 kJ/kg. Near the upper limit of calorific values, the thermal energy contained in this shale exceeds by several times the amount of energy to be utilised during the process of building ceramics' production. This parameter restricts the usage of high calorific coal shale in the production of wall-building ceramics (Galos et al. 2009 ).
At present, coal shale -mainly Haldex coal shale -is utilised in small amounts as a supplementary component (20-30% of the batch), decreasing the plasticity and drying sensitivity of the body in the technology of plastic forming of building ceramics in a few plants in Upper Silesia. The advantage of its usage is the lower energy consumption in the production of building ceramics due to its significant combustible particles content. It is estimated that total utilization of such material in building ceramics' production does not exceed a level of 50,000 Mg per year.
The Ekoklinkier plant near the Bogdanka hard coal mine in the Lublin Coal Basin (eastern Poland) is an example of the successful implementation of building ceramic production exclusively from clayey coal processing waste. This highly automated factory of yellow-brownish facade bricks (annual capacity 20 million units), built on the basis of a license granted by the French company Occidental Industries, was opened in 1996. Coal shale (grain size 20-80 mm) from the coal processing plant in the Bogdanka coal mine is applied in this plant. The production process is energy saving mainly due to the utilization of residual coal contained in the applied coal shale. This plant is the only European plant and the second in the world which has applied such technology and raw materials.
The cement industry is the most important user of Haldex coal shale. The industry consumes 150,000-200,000 Mg per year of this raw material. Coal shale is applied as an important aluminium-and silica-rich material. Transportation cost to cement plants is the most significant barrier which limits widespread utilization of coal shale in the cement industry. This is why it is used only in the cement plants in the Opole region. Lower fuel consumption in the process of cement clinker production is a significant advantage of the use of coal shale (Galos et al. 2009 ).
Recovery of coal and production of low calorific materials for power plants
Coal mining wastes are a significant source for coal recovery because -depending on their type -they may contain 10-15% of coal substance or more. For decades, coal recovery from coal mining wastes has been undertaken by Haldex S.A. Coal produced in Haldex S.A. processing plants is recovered as fine coal (0-20 mm) and pea coal (20-45 mm). It is a steam coal (type 31.1 and 31.2), with an average calorific value of 22-23 MJ/kg, ash content of 18-20%, sulphur content 0.7-0.8%, and moisture 8-12%. The annual coal production in Haldex S.A. plants varies between 120,000 and 170,000 Mg per year. During the last 50 years Haldex S.A. recovered some 17 million Mg of such coal (Kucharzyk 2004; Galos et al. 2009 ).
Besides Haldex S.A., coal recovery is also a component of activity of a few other, smaller companies in the Upper Silesia region, such as Gwarex Polska in OEwiêtoch³owice (2 million tonnes of coal recovered since 1991), and Polho in Czerwionka which, since 1993, has recovered coal from the Dêbieñsko coal mine dump site.
Coal mud also started to be utilised for the production of granulated mud, being a low calorific material for power plants. The production process involves proper mixing and granulating. The installations are located directly on coal mud dump sites, eliminating the transportation costs of wastes and allowing for the production of cheaper products. The applied granulation technology makes it possible to improve the basic parameters of the produced fuel, i.e. to reduce moisture and to increase calorific value.
The production of granulated mud has been carried out by Haldex S.A. since 1995 in the Z-3 Makoszowy plant in Zabrze. The production capacity amounts to 20,000 Mg per month. Recently, Tauron Wydobycie (previously Po³udniowy Koncern Wêglowy -PKW) also started to utilize coal mud. The developed technology of coal mud agglomeration (with participation of binder), followed by the granulation of such material, make it possible to produce low calorific agglomerated mud granulate. Its calorific value is relatively lowabout 9.3 MJ/kg -from the Sobieski coal mine, and only 5.5 MJ/kg -from the Janina coal mine (Szymkiewicz et al. 2009 ). The production capacity amounts to ca. 60-100 Mg per hour. i.e. 20,000-30,000 Mg per month (Wróbel et al. 2012 ).
Use of coal wastes for backfilling underground workings
Utilization of coal wastes as a component in the hydraulic backfilling of underground workings is a significant direction for the use of such wastes; up to 3 million Mg per year of coal wastes are utilised in this way. Although this use of coal wastes should be preferred, due to technical and mainly economic reasons there has been no tendency toward the growth of such use in recent years.
The technical possibilities of using coal mining wastes as a component of dry-pneumatic or hydraulic backfilling material exist in about 30 Polish coal mines in the Upper Silesia Coal Basin which are equipped with backfilling installations. In hydraulic backfilling, coal wastes are used as a supplement to basic backfilling material, i.e. quartz sand (lately also some wastes from power plants). Their share of up to 50% of the total amount of backfilling material does not cause a decrease in backfilling effectiveness (Galos et al. 2009 ).
Conclusions
Mining and processing wastes are the largest group of industrial wastes generated and deposited in Poland (currently over 60 million Mg per year). Wastes from hard coal mining and processing traditionally constitute the most important group among them. Their production has been declining, from 50-60 million Mg per year over 20 years ago to 29-33 million Mg per year recently, with approx. 85% being utilised. Hard coal wastes are divided into two main groups -mining wastes constituting up to 20% and coming directly from preparatory and productive mining works, and processing wastes divided into coarse--grained wastes from dense medium gravity separation, fine-grained wastes from jiggers, and very fine-grained flotation wastes.
Coarse-grained wastes are the most interesting group due to their many possibilities for industrial use. Currently, the main directions of their application are engineering, hydrotechnical applications, road construction (with aggregates production), production of cement or building ceramics, recovery of coal, and as backfilling material. For aggregates production, two types of such wastes are used -raw coal wastes and self-burnt coal shale. The most important producer of aggregates from raw coal wastes is Haldex S.A., which has four processing plants delivering various aggregates, coal shale for cement or ceramics, and recovered coal, and two crushing-sieving units delivering aggregates only. The company's total aggregates production exceeds 3 million Mg per year. Production of shale gravellite aggregates from self-burnt coal shale from old dumps has intensified since the 1990s. Such production is carried out by a dozen or so small or very small companies, with a total production volume of at least 0.5 million Mg per year. Raw coal shale is used for building ceramics and cement clinker manufacture, but its total consumption does not exceed 0.3 million Mg per year. Coal recovery from coal wastes, as well as granulated coal mud production, are also important directions of such waste's utilization. Annual coal recovery, mostly by Haldex Co. plants, currently exceeds 0.15 million Mg per year, while granulated coal mud production in three plants of Haldex and two plants of Tauron Wydobycie can be a few times higher -0.6-0.7 million Mg per year.
In the coming years, shale gravellite aggregates' production, as well as raw coal shale consumption in cement and ceramics manufacture, are not expected to rise significantly. On the other hand, further development is possible in cases of coal recovery accompanied by the production of aggregates from raw coal wastes. However, sales of such low quality aggregates will be limited mainly to applications in constructing road embankments and river embankments in the immediate vicinity of the production plant. produkcja cementu i ceramiki budowlanej, odzysk wêgla, stosowanie jako materia³u podsadzkowego. W przypadku produkcji kruszyw, stosowane s¹ dwa rodzaje odpadów: odpady powêglowe surowe oraz samoczynnie wypalony ³upek powêglowy. Najwa¿niejszym producentem kruszyw z odpadów powêglowych surowych jest Haldex S.A. z czterema zak³adami przeróbczymi (dostarczaj¹cymi tak¿e ³upek powêglowy do produkcji cementu lub ceramiki budowlanej, a tak¿e odzyskiwany wêgiel) oraz dwoma wêz³ami krusz¹co-sortuj¹cymi. £¹czna produkcja kruszyw w zak³adach Haldex S.A. przekracza 3 miliony Mg/r. Produkcja kruszyw ³upkoporytowych z ³upka wypalonego jest prowadzona przez kilkanaoecie ma³ych firm na ³¹cznym poziomie ponad 0,5 mln Mg/r. Surowy ³upek powêglowy znajduje zastosowanie do produkcji cementu i ceramiki budowlanej w ilooeci do 0,3 mln Mg/r. Odzysk wêgla, prowadzony g³ównie w zak³adach Haldex S.A., obecnie przekracza 0,15 mln Mg/r, podczas gdy produkcja granulowanych mu³ów wêglowych w trzech instalacjach Haldex S.A. i dwóch instalacjach Tauron Wydobycie jest prawdopodobnie nawet kilka razy wiêksza rzêdu 0,6-0,7 mln Mg/r. W najbli¿szych latach nie nale¿y siê spodziewaae wzrostu produkcji kruszyw ³upkoporytowych, a tak¿e zu¿ycia ³upka surowego do produkcji cementu i ceramiki budowlanej. Dalszy wzrost jest natomiast mo¿liwy w przypadku odzysku wêgla z prowadzon¹ równolegle produkcj¹ kruszyw z surowych odpadów powêglowych. Tym niemniej nie nale¿y siê spodziewaae, ¿e wszystkie wytworzone na tej drodze kruszywa znajd¹ zastosowanie gospodarcze, nawet na nasypy drogowe i obwa³owania rzek w bliskim s¹siedztwie zak³adów.
MANAGEMENT OF HARD COAL MINING AND PROCESSING WASTES IN POLAND
K e y w o r d s coal wastes, aggregates, coal recovery, Upper Silesia A b s t r a c t Mining and processing wastes comprise the largest group of industrial wastes generated and deposited in Poland. Among these, wastes from hard coal mining and processing traditionally constitute the most important group, currently generated at a level of 29-33 million Mg per year, with approx. 85% being utilised. Hard coal wastes are divided into two main groups -mining wastes (up to 20%) coming from preparatory and productive mining works; and processing wastes categorized as coarse-grained wastes from dense, medium gravity separation, fine-grained wastes from jiggers, and very fine-grained flotation wastes.
Coarse-grained wastes (from both mining and processing) are the most economically useful. The main directions of their application are production of aggregates for engineering and road construction, production of cement or building ceramics, recovery of coal, or use as backfilling material. For aggregates production, two types of such wastes are used -raw coal wastes and self-burnt coal shale. The most important producer of aggregates from raw coal wastes is Haldex Co. with four processing plants (also delivering coal shale for cement or ceramics and recovered coal) and two crushing sieving units. Its total aggregates production exceeds 3 million Mg per year. Production of shale gravellite aggregates from self-burnt coal shale is carried out by a dozen or so small companies, with total production over 0.5 million Mg per year. Raw coal shale finds use in building ceramics and cement clinker manufacturing (up to 0.3 million Mg per year). Coal recovery, mostly in Haldex Co. plants, currently exceeds 0.15 million Mg per year, while granulated coal mud production in three plants of Haldex and two plants of Tauron Wydobycie can be a few times higher, ca. 0.6-0.7 million Mg per year. In the coming years, the production of shale gravellite aggregates and consumption of raw coal shale in cement and ceramics are not expected to rise. Further development is possible in the case of coal recovery accompanied by production of aggregates from raw coal wastes, though not all obtained aggregates will find use -not even for road embankments or river embankments in the immediate vicinity.
